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CName of DocumentJ Specification 

CTitle of Invention] THERMOELECTRIC CONVERSION MATERIAL, 
AND METHOD FOR MANUFACTURING THE SAME 

rwhat is claimed is] 

CCIaim 1] A thermoelectric conversion material 
comprising a laminate in which a silicon layer or a 
silicon-rich layer composed mainly of silicon and an added 
element-rich layer composed mainly of one or more added 
elements to make a silicon a p-type or n-type semiconductor 
are laminated and formed on a substrate or a film and 
comprising the entire composition wherein silicon contains 
said added element in an amount of 0.001 to 20 at% . 

CClaim 2] The thermoelectric conversion material 
according to claim 1, wherein a heat treatment is performed 
on a laminate. 

[Claim 3] The thermoelectric conversion material 
according to claim 1, wherein at least each one type of 
added elements (added elements a ) to make a p-type 
semiconductor and added elements (added elements yS ) to 
make an n-type semiconductor is contained in an amount of 0. 
002 to 20 at% in total amount, and the total amount of the 
added elements a or ;3 is contained by the amount required 
to make a p-type or n-type semiconductor over the total 
amount of the relative added elements a or . 

[Claim H] The thermoelectric conversion material 
according to claim 1 , wherein added elements to make a p- 



type semiconductor (added elements a ) are one or more types 
selected from each group consisting of added elements A (Be, 
Mg. Ca. Sr, Ba, Zn . Cd, Hg , B, Al, Ga, In. Tl) and 
transition metal elements M, (Y, Mo, Zr), and added elements 
to make an n-type semiconductor (added elements ^ ) are 
one or more types selected from each group consisting of 
added elements B (N, P, As, Sb, Bi, 0, S, Se, Te), 
transition metal elements (Ti, V, Cr, Mn , Fe , Co, Ni, Cu, 
Nb, Ru, Rh, Pd, Ag, Hf, Ta, W. Re, Os , Ir, Pt , Au; where Fe 
accounts for 10 at% or less), and rare earth elements RE 
(La, Ce, Pr, Nd, Pm. Sm, Eu , Gd, Tb , Dy . Ho. Er, Yb, Lu). 

[Claim 5] The thermoelectric conversion material 
according to claim 1, wherein Group M-y compound 
semiconductors or Group n - YT compound semiconductors are 
contained jn an amount of 1 to 10 atJS, and further at least 
one type of the added elements A (Be, Mg, Ca , Sr, Ba, Zn , 
Cd, Hg, B, Al, Ga, In, Tl) or the added elements B (N, P, 
As, Sb, Bi, 0, S, Se, Te) is contained in an amount of 1 to 
10 at%. 

CClaim 61 The thermoelectric conversion material 
according to claim 1, wherein at least one type of Ge , C 
and Sn is contained in an amount of 0.1 to 5 at%, and one or 
more types selected from each added element group 
consisting of the added elements A (Be, Mg, Ca, Sr, Ba, Zn, 
Cd, Hg, B, Al, Ga, In, Tl) or the added elements B (N, P, 
As, Sb, Bi, 0, S, Se, Te) are contained. 



X Claim 7 Ji A method for manufacturing the 
thermoelectric conversion material, including a step of 
laminating a silicon layer or ia silicon-rich layer composed 
mainly of silicon and an added element-rich layer composed 
mainly of one or more added elements to make a silicon a p- 
type or n-type semiconductor on a substrate or a film, 
forming a laminate and making the entire composition of the 
laminate to be a silicon-based material containing said 
added element in an amount of 0.001 to 20 at^S. 

[Claim 8] The method for manufacturing the 
thermoelectric conversion material according to claim 1, 
wherein a heat treatment is performed on a laminate after 
lamination. 
[Detailed Description of the Invention]! 
I 000 1 j 

[Technical Field of the Invention^ 
This invention relates to a novel thermoelectric 
conversion material in which a silicon is made to contain 
various types of added elements at an amount of 20 at% or 
less, and more particularly relates to a polycrystal 
silicon-based thermoelectric conversion material of a thin 
film form, characterized in that a silicon-rich layer 
composed mainly of silicon and an added element composed 
mainly of an added element are film-formed and laminated on 
the required substrate such as silicon and glass, and heat- 
treated, and a structure in which an added element-rich 



phase is dispersed at the grain boundary of a silicon-rich 
phase in the lamination direction and/or in each layer is 
produced, the result of which is an extremely large Seebeck 
coefficient and low thermal conductivity, allowing the 
thermoelectric conversion efficiency to be raised 
dramatically, and a silicon, which is an abundant resource, 
is a main component andenvironmental pollution is 
extremely little. 
[0002] 

[^Background Art] 
Thermoelectric conversion e lements are devices that 
are expected to see practical use because of their efficient 
utilization of the high levels of. thermal energy required 
in recent industrial fields. An extremely broad range of 
applicatio.ns have been investigated, such as a system for 
converting wasteheat into electrical energy, small, 
portable electric generators for easily obtaining 
electricity outdoors, flame sensors for gas equipment, and 
so forth. 

[0003] 

This conversion efficiency from thermal energy to 
electrical energy is a function of the Figure of merit ZT, 

and rises in proportion to ZT. This Figure of merit ZT is 

.■1 

expressed by Formula 1. 

ZT = a 2 a T/ /c Formula 1 

Here, a is the Seebeck coefficient of the 



thermoelectric material, a is the electrical conductivity, 
K is the thermal conductivity, an d T is t h e absolute 
temperature expressed as the average value. for the 
thermoelectric element on the high temperature side (T„ ) 
and the low temperature side (T^ )• 

[ ooon ] 

Silicides such as FeSi2 and SiGe, which are 
thermoelectric conversion materials that have been known up 
to now, are abundant natural resources, but the former has a 
Figure of merit ZT of 0.2 or less, its conversion 
efficiency is low, and its usable temperature range is 
extremely narrow, while no decrease in thermal conductivity 
is seen with the latter unless the germanium content is 
about 20 to 30 atjS , and germanium is a scarce resource. 
Also, silicon and germanium have a state in which there is 
a broad 1 iquidus and solidus for complete solid solution, 
and it is difficult to produce a uniform composition with 
melting or ZL (zone leveling), to impede industrial 
application. For t h es e r e as o n s , the above-mentioned 
materials have not found widespread use. 

[ 0005 1 

The thermoelectric materials with the highest Figure 
of merit at the present time are IrSbs having a 
skutterud i te- ty pe crystal structure, and BiTe, PbTe , and 
other such chalcogen compounds, which are known to provide 
highly efficient thermoelectric conversion capability, but 



from the standpoint of protecting the global environment, 
the usis of these heavy metal elements is expected to be 
restricted in the future. 
[ 0006 1 

[Problems to be solved by the Invention^ 
Silicon , meanwhile , has a high Seebeck coefficient, 
but has extremely high thermal conductivity, and is 
therefore not considered suitable as a high efficiency 
thermoelectric material, and research into the 
thermoelectric characteristics thereof has been limited to 
silicon with a carrier concentration of lO^eCMm^) or less. 
[00071 

The inventors discovered that doping silicon single 
piece with various elements, such as doping silicon with 
both a trace amount of a Group n element or Group V 
element and a small amount of germanuium, makes it possible 
to lower thermal conductivity, and the Seebeck coefficient 
will be equivalent to or better than that of conventional 
Si-Ge and Fe-Si compounds, or will be extremely high at a 
given carrier concentration. They also discovered that this 
material exhibits a good Figure of merit as a 
thermoelectric conversion material, without losing the 
fundamental advantages afforded by silicon single piece, and 
can improve the performance. 
[ 0008 1 

The inventors also produced p-and n-type 



semiconductors by doping a silicon with various elements, 
arid examined the relationship of the doping amount to the 
thermoelectric characteristics, and as a result found that 
up to an added amount (that is, a carrier concentration) of 
10i»(M/m3), the Seebeck coefficient decreases in inverse 
proportion to the carrier concentration, but has a maximum 
value from lO^^ to lO^'CM/m^). 
I 0009 1 

It is an object of the present invention to provide 
a polycrystal silicon-based thermoelectric conversion 
material composed of a construction easy to manufacture or 
of a construction easy to manufacture by the same 
manufacturing method as that of an integrated circuit, and 
its manufacturing method , without sacrificing the high 
Seebeck coefficient and electrical conductivity had by this 
novel silicon-based thermoelectric conversion material 
discovered by the inventors. 
C 001 0 1 

^Means to solve the Problemsl 
The inventors diligently examined the mechanism by 
which a high Seebeck coefficient is obtained with a 
silicon-based thermoelectric conversion material doped with 
various elements, whereupon they learned that this novel 
silicon-based material has a structure in which at the grain 
boundary of a silicon-rich phase containing mainly silicon, 
the concerned added element-rich phase is formed as shown 



inFigure 3. 

coon] 

The inventors also investigated a crystal structure, 
and they discoviered that since the added element cohesion 
occurs at the crystal grain boundary and the conduction of 
carriers can be increased, a high Seebeck coefficient is 
obtained in the silicon-rich phase within the crystal grain. 
As a method for keeping the Seebeck coefficient high and 
lowering the thermal conductivity, they investigated the 
controlling of the crystal structures other than the 
component-based and found that a structure in which if the 
cooling rate is controlled during melting and 
solidification, the silicon-rich phase and added element- 
rich phase will be dispersed in the required arrangement 
within the^ material can be obtained. 
C 001 2 ] 

Then, the inventors sharply investigated a 
construction and a manufacturing method which can realize 
simply a silicon-based thermoelectric conversion material 
having such a structure and constitution. As the result, 
they found that a silicon or a silicon-rich layer composed 
mainly of a silicon and an added element-rich layer are 
film-formed and laminated, for example, alternately and then 
heat-treated, by which the same structure as that of Figure 
3 can be obtained in a laminating thickness direction or 
per each layer,, and further, by film-forming and laminating 



a silicon-rich layer of a silicon and the required added 
element and an added element-rich layer composed chiefly of 
the required added element and containing also a silicon 
alternately, the same construction as the structure obtained 
by controlling the cooling rate during melting and 
solidification can be obtained and said material having a 
high Figure of merit can be obtained by just a simple method 
of film-forming on a substrate, and accomplished this 
invention. 

100131 

f Mode of Working of the Inventionl 

The structure in which the above-mentioned added 
element-rich phase is formed at the grain boundary of the 
silicon-rich phase composed mainly of silicon, which is. a 
characteristic feature of the thermoelectric conversion 
material of the present invention, will now be described. 
For example, SiT_, Ge , melts (at%) were produced by arc 
melting, and the cooling after melting must be performed by 
quenching. As shown in a schematic diagram of Figure 2, 
the structure is a structure in which are formed a silicon- 
rich phase consisting of silicon alone or almost entire of 
silicon but including an added element and an added element- 
rich phase in which an added element is segregated at the 
grain boundary of this silicon-rich phase. 
[ 001 M ] 

The relationship between carrier concentration of an 



n-type and p-type silicon and the state of crystal grain 
boundary deposition of an added element of phosphorus or 
boron instead of germanium was examined, which confirmed 
that the correlation of the carrier concentration and the 
doping amount increased agreeably. Because of the structure 
in which said added element-rich phase was formed at the 
grain boundary of the silicon-rich phase, the added element 
was clumped at the crystal grain boundary, the electrical 
conductivity resulting from carriers was high, a high 
Seebeck coefficient was obtained in the silicon-rich phase 
within the crystal grains. 
[00151 

Furthermore, it was confirmed that the thermal 
conductivity o f t h i s s i 1 i c o n - b a s e d thermoelectric 
conversion material decreases as the carrier concentration 
is increased. This is believed to be because /Cp^ was 
decreased by local phonon scattering of impurities 
resulting from the added element in the crystals. 

[00161 

The thermoelectric conversion material of the 
present invention can make use of a monocrystal 1 ine or 
polycrystalline silicon substrate, a glass or ceramic 
substrate, a resin isubstrate , or the like, or a resin film, 
or any known substrate or film that can be utilized in the 
formation of a thermoelectric conversion element, for 
instance, over another film. The structure is characterized 



in that a silicon layer or a silicon-rich layer composed 
mainly of silicon and an added element-rich layer having as 
its main component one or more added elements to make a p- 
type and n-type semiconductor are laminated over one of 
these substrates or films. In other words, a laminate of a 
silicon layer or a silicon-rich layer and an added element- 
rich layer are formed on a substrate. 
[0017] 

For instance, the structural example shown in Figure 
1A is such that first a thin film layer of germanium and 
phosphorus is formed in the required thickness as the added 
element-rich layer over a monocrystal 1 ine silicon substrate 
with a crystal plane of (111) or (100), then a thin film 
layer of jusit silicon is formed in the required thickness 
as the silicon-rich layer, and the above-mentioned thin 
film layers of germanium and phosphorus and thin film 
layers of silicon are alternately laminated. 
[0018] 

If a heat treatment (1 hour at 873K in a vacuum, for 
example) is -conducted after lamination, then as shown in 
Figure IB, there will be diffusion between the thin film 
layers, resulting in a laminate in which, thin film layers 
ofGe +P +ASiinto:which silicon has diffused are 
alternately laminated with thin film layers of Si + AP + 
A Ge into which germanium and phosphorus have diffused. 
When the silicon-rich layer in Figure lA is an Si + P thin 



film layer, the Si + P layer will become an Si + A Ge + P 
layer after heat treatment. 
[0019 1 

Also, as shown in Figure 2, the heat treated 
lamination state of Figure IB can be achieved by forming a 
thin film layer of Ge + P + Si (made up primarily of 
germanium and phosphorus, but including silicon as well; 
used as the an added element-rich layer) in the required 
thickness, then forming a thin film layer of Si + Ge (used 
as the silicon-rich layer) in the required thickness, and 
then alternately laminating these Ge + P + Si thin film 
layers and Si + Ge thin film layers. 

[ 0020 J 

The laminate shown in Figure IB or Figure 2, formed 
by lamination over a monocrystal line silicon substrate, is 
equivalent to the structure shown in Figure 3, in which a 
silicon-rich phase consisting primarily of silicon and ah 
added element-rich phase in which an added element has 
become segregated at the grain boundary of this silicon-rich 
phase are formed in the thickness direction (that is, the 
lamination direction), and when a diffusion heat treatment 
is performed, the resulting structure is similar in the plan 
view of the various thin film layers. This laminate is a 
thermoelectric conversion material having a structure 
equivalent to that in Figure 3, which was obtained by 
quenching a silicon-based m e 1 t c o n t a i n i n g the required 



amounts of gernianium and phosphorus. 
I 0021 I 

Therefore, as to the thickness of the above- 
mentioned silicon layers or silicon-rich layers and added 
element-rich layers, and the lamination thickness ratio 
thereof, the composition and thickness of the silicon-rich 
layers and the added element-rich layers must be selected 
according to the composition of the targeted silicon-based 
thermoelectric conversion material so that these are 
suitably dispersed, a n d a n y 1 am i n a t i o n means can be 
employed as long as the structure shown in Figure 3 can at 
least be achieved in the lamination direction. Examples 
include varying the composition of the silicon-rich layers 
and the added element-rich layers for each lamination, and 
combining a variety of compositions or using various 
patterns in which the lamination pattern is not merely 
alternating as above. 

[ 0022 ] 

A thermoelectric conversion material in which films 
are formed and laminated over a substrate as above is 
suitably designed so the composition discussed below will be 
achieved for the laminate as a whole, and the structure 
shown in Figure 3 is formed in the lamination direction, so 
a thermoelectric conversion element can be easily obtained 
by forming and laminating p- and n-type semiconductors, 
electrode films, and the like from this silicon-based 



thermoelectric conversion material in a suitable pattern so 
that the temperature gradient direction of the targeted 
thermoelectric c o n v e r s i o n e 1 e m e n t will be the above- 
mentioned lamination direction . 
X 0023] 

The film formation and lamination can be 
accomplished by any known growth or film formation means, 
such as vapor deposition, sputtering, CVD, or another such 
vapor phase growth method, discharge plasma treatment, or 
plasma treatment using a gas containing an added element. 
Also, as will be discussed below, any element can be added 
as the added element, so a variety of cases are conceivable, 
including those in which any means can be selected and 
those in which the means is limited by the type of element 
in question. In addition, the treatment conditions for the 
selected means will vary considerably with the combination 
of elements when two or more are used, so the above- 
men t i on e d m e an s and conditions must be appropriately 
selected according to the targeted composition. As for the 
heat treatment, any temperature conditions, atmosphere, and 
heating method can be employed as long as the conditions 
result in the desired diffusion between the layers. 
t:002Ul - 
A thermoelectric conversion material according to 
the present invention is a highly efficient silicon-based 
thermoelectric conversion material of a p-type and n-type 



semdiconductor which lowers the electric resistance, 
improves the Seebeck coefficient and improves dramatically 
Figure of merit without losing the fundamental advantages 
afforded by silicon single piece by adding various 
impurities into the polycrystalline silicon semiconductor 
having a diamond-like crystal structure and adjusting the 
carrier concentration. 
C 0025 J 

When the applications of a thermoelectric conversion 
material are considered, emphasis must be placed on one of 
the Characteristics, such as the Seebeck coefficient, 
electrical conductivity, or thermal conductivity depending 
on the conditions which vary with the application, such as 
the heat source, where and how the material is used, and the 
Size of the current and voltage to be handled, but the 
thermoelectric conversion material of the present invention 
allows the carrier concentration to be determined by means 
of the added amount of the selected added element. 

C0026] 

For example, when one or more elements from the 
above-mentioned added elements a are contained in an 
amount of 0.001 to 0.5 at% , a p-type semiconductor with a 
carrier concentration of 10'^ to 1 0 ^ » ( M / m ' ) w i 1 1 be 
obtained, 'and when added elements a are contained in an 
amount of 0.5 to 5.0 at%, a p-type semiconductor with a 
carrier concentration of 10" to 102' (M/m') „iii ,,6 



obtained . 

I 0027 ] 

Similarly, when one or more elements from the above- 
mentioned added elements are contained in an amount of 0. 
001 to 0-5 at^, an n-type semiconductor with a carrier 
concentration of 1 0 to 1 0 ^ o ( M/m 3 ) ^i^^ be obtained, and 
when added elements are contained in an amount of 0.5 to 
10 at%, an n-type semiconductor with a carrier concentration 
of 10'' to 1021 (M/m3) will obtained. 
C 0028 J 

When the above-mentioned added elements a or added 
elements are contained in an amount of 0.5 to 5.0 at% so 
that the carrier concentration is 10'' to 102i(M/m3), a 
highly efficient thermoelectric conversion element is 
obtained , and the thermoelectric conversion efficiency is 
excellent, but the thermal conductivity thereof is about 50 
to 150 W/m . K at room temperature, and if the thermal 
conductivity could be decreased, there would be a further 
improvement in the Figure of merit ZT. 
I 0029 } 

Generally, the thermal conductivity of solids is 
given as a sum of the conduction due to phonon and the 
conduction due to carrier. In case of thermoelectric 
conversion^material of a silicon-based semiconductor, since 
the carrier concentration is smal 1 , the conduction due to 
phonon is dominant. Therefore, to decrease the thermal 



conductivity, it is necessary to make the absorption or 
scattering of phonon large. In order to make the absorptiori 
or scattering of . phone large , it is effective to disturbe 
the regularity of the crystal structure, and the crystal 
grain size. 

I 0030 } 

Then, as the results of various studies about added 
elements to silicon, it is possible to disturb the crystal 
structure without changing the carrier concentration in 
silicon by adding at least one Group JH element and at 
least one Group V element to silicon and controlling the 
carrier concentration to a range of 10'? to 102i(M/m3). it 
is found that the thermal conductivity can decrease 30 to 
90%, to 150 W/m • K or less at room temperature, and a high 
efficiency thermoelectric conversion material can be 
obtained . 

[0031 ] 

Further, in the above constructed thermoelectric 
conversion material, a p-type semiconductor willbe 
obtained if the Groupn element is contained in an amount 0. 
3 to 5 Bt% larger than the Group V: element, and an n-type 
semiconductor will be obtained if the Group V element is 
contained in an amount 0.3 to 5 at% larger than the Group IH 
element . ^ 

I 0032 ] 

The inventors also investigated whether a decrease 



in thermal conductivity could be achieved with something 
other than Group m elements and Group V elements, and 
found that the crystal structure can be disturbed without 
changing the carrier co ncen tr at i o n i n th e s i 1 i c o n , the 
thermal conductivity can be brought below 150 W/m • K or 
less at room temperature, and a highly efficient 
thermoelectric conversion material can be obtained by adding 
a Group EI-V compound semiconductor or a Group E-VI 
compound semiconductor to silicon, further adding at least 
one type of Group M element or Group V element and 
controlling the carrier concentration to a range of 10^' to 

1 02 ' (M/ffl3 ) . 

[00331 

Furthermore, as a result of variously investigating 
other added elements to silicon, the inventors found that if 
the silicon contains the Group IV elements germanium, 
carbon, and tin in an amount of 0.1 to 5 at55, and some of 
the silicon elements are replaced with a Group IV element 
with a different atomic weight, there will be greater 
phono n scattering in the crystals* and the thermal 
conductivity of the semiconductor can be reduced 20 to 90%, 
to 150W/m*K or less at room temperature. Further, it is 
possible to obtain a thermoelectric conversion material 
wherein a p-type semiconductor is obtained if the Group m 
element is contained in an amount of 0.1 to 5-0 at% and 
furthermore a thermoelectric conversion material wherein an 



n-type semiconductor is obtained if the Group V element 
is contained in an amount of 0 .1 to 1 0 at^. 
I 0034 3 

other elements besides the above-mentioned Group m 
and V elements were examined to see if they could 
similarly be added to silicon in t h e t h e r m o e 1 e c t r i c 
conversion material of . the present invention, whereupon it 
was confirmed that while there are no particular 
restrictions as long as a p- or n-type semiconductor will 
result, if elements whose ion radii are too different are 
used, almost all will precipitate in the grain boundary 
phase, so it is preferable to use an element whose ion 
radius is relatively close to that of silicon. it Is 
confirmed that one or more elements of the following groups 
are particularly effective as added elements a to make a 
p-type semiconductor or as added elements fi to make an n- 
type semiconductor. 

[ 00353 

The added element a are each group consisting of 
added elements A (Be, Mg, Ca, Sr. Ba, Zn , Cd, Hg, B, Al, Ga, 
In, Tl) and transition metal elements Mi (Y, Mo, Zr). The 
added elements fi are each group consisting of added 
elements B(N, P. As, Sb, Bi, 0, S, Se, Te), transition 
metal elements Mz (Ti, V, Cr. Mn, Fe , Co , Ni , Cu , Nb, Ru, Rh , 
Pd, Ag, Hf, Ta, W, Re, Os, Ir, Pt, Au; where Fe accounts for 
10 at?5 or less), and rare earth elements RE (La, Ce, Pr, Nd , 



Pm, Sm, Eu, Gd, Tb, Dy, Ho , Er , Y b , Lu ) . 

[ 0036 ] ; " " 

Further, if, in added elements a to make a p-type 
semiconductor and added elements to make an n-type 

semiconductor, at least one type from each group is 
contiained at an amount of 0.002 tb 20 atjS in total amounts , 
for example, if in order to obtain a p-type semiconductor 
the total amount of added elements a is contained only at 
the required amount to make a p-type semiconductor over that 
of added elements >S , voluntary combinations of each group 
can be selected. 

[0037] 

[ Examples ] 
Example 1 

A silicon (111) wafer was put in a vacuum chamber at 
10-* Torr, the elements shown in Table 1 were formed by 
electron beam heating alternately as layer A and layer B for 
50 laminations in the thicknesses shown in Table 1. 
[ 0038 ] 

The samples on the silicon wafers thus obtained were 
cut to sizes of 5 x 15 mm, 10 x 10 mm, and 10 mm 
(outside diameter), and the Seebeck coefficient. Hall 
coefficient (including carrier concentration and electrical 
conductivity) , and thermal conductivity of each were 
measured along with the silicon wafer. Table 2 shows the 
measured values at IIOOK and the Figure of merit (ZT = S^T/ 



P K ) . 

I 0039] 

The temperature differential between the high and 
low temperature portions during temperature elevation was 
set to be about 6K, the thermoelectromotive force of the 
samples was measured with a digital multimeter, and this 
value was divided by the temperature differential to find 
the Seebeck coefficient. The Hall coefficient was measured 
by AC method, and the electrical resistance was measured by 
four-terminal method simultaneously with the carrier 
concentration. The thermal conductivity was measured by 
laser flash method. 

[ 0040] 
Example 2 

A silicon (111) wafer substrate was put in a vacuum 
chamber at 10-^ Torr, the elements shown in Table 3 were 
film-formed by sputtering alternately as layer A and layer B 
for 50 laminations in the thicknesses shown in Table 1. 
[ OOUI ] 

The samples on the silicon wafers thus obtained were 
cut to sizes of 5 X 15 mm, 10 x 10 mm, and 10 mm 
(outside diametier), and the Seebeck coefficient , Hal 1 
coefficient (including carrier concentration and electrical 
conductivity), and thermal conductivity of each were 
measured along with the silicon wafer. Table 4 shows the 
measured values at 1100K and the Figure of merit (ZT = S^T/ 



p /c ) . 

[OOU23 
[Table 1 ] 



No. 


Composition 
of 
layer A 


Layer A 
thickness 
(ran) 


Composition 
of 
layer B 


Layer B 

UIlXCKJieSS 

(nm) 


Cycles 
(times) 


Heating 
temp. 
(K) 


Heating 
time 
(h) 


1 


Si 


20 


B 


,1 


50 


873 


1 


2 


Si 


50 


B 


3 


50 


873 


1 


3 


Si 


50 


Al 


3 


50 


873 


1 


4 


Si , 


20 


Ge0.9B0.1 


1 


50 


873 




5 


Si 


50 


Ge0.9B0.1 


3 


50 


873 




6 


Si 


50 


Ge0.8Ga0.2 


3 


50 


873 




7 


Si 


20 


P 


2 


50 


873 




8 


Si 


50 


P 


5 


50 


873 




9 


Si 


50 


As 


5 


50 


873 




10 


Si 


20 


Ge0.8P0.2 


.2- 


50 


873 




n 


Si 


50 


Gte0.8P0.2 




50 


873 




12 


Si 


50 


Ge0.8Sb0.2 


5 


50 


873 





C00il3]| 
I Table 2:1 



No. 


Seebeck 
coefficient 
(mV/K) 


Rl Pf*1"r»i f*a 1 

resistivity 
V 1 n - 5 

( Q • m) 


1 ner ma i 
conductivity 
{. W/m • K J 


Figure 

of 
merit 
(ZT) 


1 


0.273 


1.51 


21 


0.26 


2 


0.26li 


1.U7 


2U 


0.22 


3 


0.2iil 


1.75 


29 


0.13 


U 


0.278 


1 .59 


7 


D.76 


5 


0.276 


1.1*9 


8 


0. 70 


6 


0.295 


1 .82 


8 


0.66 


7 


-0.309 


1 .62 


19 


0.31* 


8 


-O.3O6 


1 .53 


21 


0.32 


9 


-0 . 300 


1 .6U 


28 


0 . 22 


10 


-0.316 


1.57 


7 


1 . 00 


1 1 


-0.312 


1 .53 


8 


0.87 


12 


-0.331* 


: 1 .67 


8 


0. 92 
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No. 


Composition 
of 
layer A 


Layer A 
th i plm<=i<=y? 
(nm) 


Composition 

rif* 

layer B 


Layer B 
thickness 
(nm) 


Cycles 
(times) 


Heating 
tenp. 
(K) 


Heating 
time 
(h) 


21 


Si 


20 


B 


1 


50 


873 


, 


22 


Si 


50 


B 


3 


50 


873 


1 


23 


Si 


50 


Al 


3 


50 


873 


1 


24 


Si0.9Ge0.1 


20 


B 


1 


50 


873 


1 


25 


Si0.9Ge0.1 


50 


B 


3 


50 


873 




26 


Si0.9Ge0.1 


50 


Ga 


3 


50 


873 




27 


Si 


20 


P 


2 


50 


873 




28 


Si 


50 


P 


5 


50 


873 




29 


Si 


50 


As 


5 


50 


873 




30 


Si0.9Ge0.1 


20 


P 


2 


50 


873 




31 


Si0.9Ge0.1 


50 


P 


5 


50 


873 




32 


Si0.9Ge0.1 


50 


Sb 


5 


50 


873 





roon5] 

CTable U J 



No. 


Seebeck 
coefficient 


Klf>0't''r»'i a 1 

i~* ^ KSKm X JL cl j. 

resistivity 
v 1 n - 5 

( Q - m) 


inerinal 
conductivity 
tW/m . K) 


Figure 

of 
merit 
(ZT) 


21 


0.269 


1.41 


23 


0.25 


22 


0.261 


1 .37 


25 


0.22 


23 


0.237 


1 .64 


30 


0.13 


2H 


0.272 


1 .U9 


8 


0.68 


25 


0.270 


1 .no 


9 


0.64 


26 


0.290 


1 .72 


9 


0. 60 


27 


-0.301 


1 .52 


21 


0.31 


28 


-0.299 


1.U3 


23 


0.30 


29 


-0.291» 


1 .54 


29 


0.21 


30 


-0.311 


1 .U7 


8 


0.90 


31 


-0.306 


1 .43 


9 


0.80 


32 


-0.328 


1 .57 


9 


0.84 



1 



C 00H6 ] 

[Effects of the Invention] 
Silicon, the main component of the thermoelectric 
conversion material of the present invention, is an 
outstanding material in terms of protecting the global 
environment and conserving the earth's resources, and also 
affords excellent safety. Furthermore, it is light (has a 
low specific gravity), which makes it very favorable for 
thermoelectric conversion elements used in automobiles. 
Silicon also has good corrosion resistance , which is an 
advantage in that no surface treatment or the like is 
needed. 

I 00117 3 

Because it makes use ofsilicon as its main 
component, the thermoelectric conversion material of the 
present invention is less expensive than Si-Ge-based 
materials containing large quantities of costly germanium, 
and provides a higher Figure of merit than Fe-Si-based 
materials. Furthermore, the silicon used in the present 
invention is much lower in purity than that used in 
semiconductor devices, so the raw material is available at 
relatively low cost, and the production can be performed 
just by a Simple method for film-forming and laminating, 
the result' of which is a thermoelectric conversion material 
with good productivity, stable quality, and low cost. 
COOliSJ 



The thermoelectric conversion material of the_ 
p r e s e n t i n V e n t i o n t a k e s full advantage of the 
characteristics of silicon, namely, its low electrical 
resistance and large Seebeck coefficient despite having a 
large carrier concentration, and also greatly ameliorates 
its drawback of high thermal conductivity, and is therefore 
an effective way to obtain a material with a high Figure of 
merit. Another advantage is that the properties can be 
controlled by means of the type and amount of added 
elements . 
[Brief Explanation of Drawings] 
[Fig. 11 

Fig. 1 is a schematic diagram illustrating the state 
of lamination of the thermoelectric conversion material of 
the present in vent ion , where A shows the state after 
lamination, and B shows the state after heat-treating. 
[Fig. 2] 

Fig.2is a schematic diagram illustrating the 
another state of lamination of the thermoelectric 
conversion material of the present invention. 

[Fig. 3] 

Fig. 3 is a schematic diagram illustrating the 
crystal structure of the thermoelectric conversion material 
of the present invention. 



[Name of Document J Summary 
X Summary J 

[Objects] It is to provide a polycrystal silicon-based 
thermoelectric conversion materi a 1 and a method for 
manufacturing the same, having a structure which can be 
easily manufactured or can easily manufactured by the same 
method as the manufacturing method of an integrated circuit, 
without sacrificing the high Seebeck coefficient and 
electrical conductivity had by the novel s i 1 i c p n ^ b as ed 
thermoelectric conversion material material containing 
various added elements in an amount of 20 at% or less in 
si 1 icon . 

[Means for solving] By film-forming and laminating a 
silicon-rich layer composed mainly of silicon and an added 
element-rich element composed chiefly of an added element on 
the required substrate of silicon or glass, etc., heat- 
treating and producing a structure in which an added 
element-rich layer is dispersed at the grain boundary of a 
silicon-rich phase in the lamination direct ion and/or in 
each layer* it is possible to obtain a polycrystal silicon- 
based thermoelectric conversion material of a thin film form 
in which Seebeck coeff i ci ent is extremely large, the 
thermal conductivity becomes low, the thermoelectric 
conversion^ efficiency is dramatically improved, a silicon, 
which is an abundant resource, is a main component and the 
environmental pollution is extremely little^ 



[Selected Figure] Fig. 1 
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